Polyelectrolyte thin films constructed using the method proposed by Decher and coworkers are studied using several electrochemical techniques, such as cyclic voltammetry and linear sweep voltammetry with rotative disc electrode. The main goal of this work is to evaluate the influence of the number of layers and the charge of the external layer in thin film permeability. These films seem to have electrochemical properties strongly influenced by deposition conditions. It's shown that the increased number of layers lowers film permeability.
Introduction
In the 90's, Decher and co-workers proposed a new technique of thin film construction, based on self-assembling of polyelectrolytes of opposite charge, ruled by electrostatic forces [1] . This technique allows the build-up of multilayers in a way largely independent on the nature, size and topology of the substrate, and without restriction to the need of covalent chemistry (complete reactions) provided that the surface of the substrate is adequately modified [1, 2] .
Several experimental variables control the build-up of these films, but the concentration of salt in the deposition solution seems to have the strongest influence, when compared with salt composition, molecular weight, polymer concentration and deposition time [3, 4] .
Reproducible preparation of films is dependent on the substrate's surface charge density [5] . The first step of polyelectrolyte film construction is the modification of the surface. This modification is performed normally with charged species covalently bonded to the substrate in a way that gives constant surface charge. If the substrate has constant surface charge, construction of equivalent films in different substrates is possible.
The construction of a polyelectrolyte film by self-assembling is very simple and easy but, probably, the major advantage of this layer-by-layer adsorption is that many different materials can be incorporated in multilayer films, having an important contribution to the several applications of these films, from which it can be highlighted separation [6] and sensor devices [7] [8] [9] [10] [11] [12] [13] .
The assembly of a polyelectrolyte film on an electrode surface yields a positively or negatively charged interface, exposed to the electrolyte solution, being, in practice, a modified electrode. These modified electrodes may be used to control electrochemical transformations at the electrode surface [14] . If there are no electroactive groups within the polyelectrolyte film, this film is a barrier to the electronic charge transfer, with its resistance increasing with film thickness.
However, film permeability, due to pores or pinholes, allows the diffusion of electroactive species, and thus allowing electrochemical reactions, controlled by the interaction between film and species [14] . The diffusion of small ions must also be possible to attain electroneutrality, which implies swelling [15] .
Dealing with different polyelectrolytes, film thickness (number of layers) and charge signal of the external layer (which influence all the film charge), achievement of selective electrochemical responses to a mixture of differently charged electroactive species is expected.
The main objective of this work is to study the influence of charge signal of the external layer, number of layers and deposition conditions on films permeability.
Experimental Materials
Cysteamine (Fluka), poly(sodium 4-styrenesulfonate) (PSS) (MW=70000) (Aldrich), poly(allylamine hydrochloride) (PAH) (MW=15000) (Aldrich), Ba(ClO 4 ) 2 (Pronalys* AR) and potassium hexacyanoferrate (II) trihydrate (Fluka) were all used without further purification. Ultra pure water (18 MΩ.cm -1 , Millipore) was used in all experiments and in all cleaning procedures.
Gold disc electrodes (2 mm diameter) connected to a rotative system (Radiometer) were used for electrochemical measurements.
Film Preparation
Prior to film preparation, gold disc electrodes were cleaned according to the following technique: they were polished in a polishing cloth (Buehler) and rinsed in water. 
Electrochemical Measurements
All electrochemical experiments were performed in a three-electrode cell at room 
Results and discussion
The film permeability to ions was firstly evaluated using an electrochemical probe, [Fe(CN) 6 ] 3-/4-, and cyclic voltammetry. Two different effects can be understood from the cyclic voltammograms obtained (Fig. 2) : first, the peak current decreases with increasing number of layers and after the voltammograms become a wave, eventually disappearing; second, changing the sign of the external layer from positive (even-layer film) to negative (odd-layer film) dramatic decrease in current intensity is observed.
The peak separation is given in Table 1 . The half wave potential remains practically constant but the peak separation increases from an initial value of 70 mV. These values are similar to those reported by Han et al. [16] with similar multilayer films.
These results point to the presence of two main effects on the film permeability:
film thickness and external charge sign. The understanding of the process occurring at the electrode film interface during the oxidation/reduction of ferrocyanide probe may be helped with experiments using rotative electrode. Linear scan voltammograms for bare and film modified electrodes are depicted in Fig. 3 , showing the classical S-shape for defined hydrodynamic conditions of a rotating disc electrode [17] . The corresponding values of limiting current (i L ) and half wave potential (E 1/2 ) are presented in Table 2 . These results agree with those obtained with cyclic voltammetry and with others obtained by Farhat et al. [18] . A general decrease of the limiting current is observed due to the increasing number of layers, which seems to represent an increasing resistance to the electrochemical reaction. Nevertheless this is not the only effect, since the current for 9 layers is lower than for 12 layers. This can be due to the change of the external charge, changing the electrostatic interaction between film and probe ion from repulsive (nine layers) to attractive (twelve layers), which may have a stronger influence in the limiting current that the increased number of layers.
The transition of the cyclic voltammograms from peak shaped to plateau shaped with increasing number of layers suggests a transition between two different mass transport processes: from semi-infinite linear diffusion to convergent diffusion, possibly at an array of micro-holes.
A modified electrode undergoes some restrictions to the current due to resistance to electron transfer (slow redox kinetics) at the electrode/film interface or to smaller mass transfer through the film. The resistance to electron transfer can be overcome by increasing potential, so that the final limiting current is the same in the modified and bare electrode, but the potential of the oxidation wave is shifted. With lower mass transfer, lower limiting currents are obtained, but the potential is the same [18] .
For an uncoated electrode of area A (cm 2 ), rotating at angular velocity w (rad s -1 ), the limiting current i lev is given by the Levich equation [17, 19] :
where n is the number of electrons transferred, F is the Faraday's constant A model based on membrane permeation assumes a polyelectrolyte film as a viscous, concentrated polyelectrolyte solution bonded to the electrode, in which electroactive species penetrate and diffuse. This model was applied initially by Ikeda et al. [21] , and the limiting current i ℓ was found to be described by eq. If permeation is made through pinholes (Fig. 4b) , two different models of diffusion have to be considered at the interface film/solution: linear and radial diffusion. In these conditions, the limiting current i ℓ is described by equation 3 [20] : where R a is the average pinhole radius, R 0 is half of the distance between the centres of two neighbour pinholes and the other symbols have the already referred meaning.
Savéant [20] pointed out that this equation allows treating permeation through pinholes as membrane permeation, with different diffusion coefficients. The difference between the two models is that the polyelectrolyte film is regarded as blocking electron transfer in pinhole model and not in the membrane model. In fact, in the former model, electron transfer can just occur in non-modified places of the gold disk electrode (film defects). In contrast, in the membrane model, electron transfer can occur at whole electrode surface, being ruled by a smaller diffusion than in bare electrode [20] . Analysing the results obtained, both phenomena seem to be present: there is a shift in potential and a smaller limiting current, which means that both permeation types may be present in this kind of modified electrodes, with a transition from linear to radial diffusion, as the number of deposited layers increases above certain limit.
Conclusions
The permeability of polyelectrolyte films is non-linearly lowered with the increasing number of layers, which may result from the increase in thickness of a barrier (resistance) to the electron transfer. The increasing number of layers seems to change also the diffusion process, from linear to radial, with the polyelectrolyte film being compared to an array of microelectrodes.
The charge of the outermost layer have an important role in film permeability, more evident in thicker films: when a layer is added to a film and the outermost layer charge is changed in such a way that it has the same signal as the electroactive species, the permeability is even more lowered that would be only by the effect of increasing film thickness.
Experiments using electrodes with different layer numbers are being performed, aiming to better understand these phenomena. The effect of ionic force and pH in film permeability is also being studied.
